Objective. To compare the percentage of sacral lateral branches (LBs) that would be captured if lesions were created by seven current sacroiliac joint (SIJ) radiofrequency ablation (RFA) techniques: three monopolar and four bipolar.
Introduction
A recent systematic review of fluoroscopically guided (FL) lateral branch (LB) radiofrequency ablation (RFA) techniques for sacroiliac joint (SIJ) pain by King et al. [1] found that "a modal approximation of the outcomes is that about 50% of patients reported 50% relief three months after treatment, which is a far less than ideal outcome." The question is, why? There are a number of possible contributing factors that may explain these outcomes, such as 1) patient selection criteria for SIJ RFA including the type of diagnostic blocks (intra-articular, extra-articular, or LB blocks), the number of blocks, and the percentage of pain relief from the blocks; 2) anatomical variations; 3) difficulty in identifying the posterior sacral foramina using fluoroscopy [2, 3] ; 4) SIJ RFA techniques; and 5) technical factors and lesion morphology.
There is histological [4] [5] [6] [7] [8] , anatomical [4, 5, [9] [10] [11] [12] [13] [14] [15] [16] , and in vivo [17, 18] evidence that the posterior aspect (extraarticular part) of the SIJ is innervated by the posterior sacral network (PSN), a fine nerve plexus receiving contributions from the LBs of the posterior rami of S1-S3 6 L5/S4 (Figure 1 ). Variation in the number and location of the LBs as they emerge from the posterior sacral foramina has been reported in previous anatomical studies [4, 5, [9] [10] [11] [12] [13] [14] [15] [16] . Dreyfuss et al. [18] demonstrated that FL multisite, multidepth sacral LB blocks largely relieve pain evoked from the extra-articular part of the SIJ, but not from the intra-articular part, suggesting that the intra-articular part receives additional or predominant innervation from an anterior source(s).
Different SIJ RFA techniques have been described based on needle type/configuration and location of needle placement; however, clinical outcomes have been similar and success limited (Table 1) [1, 44] . There is a lack of knowledge of whether current SIJ RFA needle placement locations are capable of capturing all LBs, which is the goal of SIJ RFA. A better understanding of how current SIJ RFA techniques may or may not be capturing the target LBs and the underlying reasons is needed to optimize current techniques.
A recent cadaveric fluoroscopy study by Stout et al. [45] quantified the percentage of LBs that would not be captured at each level (S1-S3) by the most commonly used cooled monopolar RFA technique, and based on the findings, new needle placement locations were proposed to optimize LB capture rates. The purpose of the current cadaveric fluoroscopy study was to compare seven different SIJ RFA techniques, three monopolar and four bipolar, in the same specimens as Stout et al. [45] based on 1) percentage of LBs that would be captured if lesions were created; 2) percentage of SIJ specimens in which 100% of LBs would be captured; and 3) percentage of LBs that would not be captured at each level (S1-S4).
Methods
Twenty cadaveric specimens (12 M/8 F) with a mean age of 76.1 6 12.0 years were studied bilaterally (N ¼ 40 SIJs). Seven specimens were fresh, 11 lightly embalmed, and two formalin embalmed. Specimens had no visible evidence of pathology, previous surgery, or trauma. Ethics approval was received from the University of Toronto Health Sciences Research Ethics Board.
Following removal of the skin and subcutaneous tissue, the thoracolumbar fascia and the fiber bundles of the lumbar multifidus were excised to expose the posterior aspect of the SIJ bilaterally. The short posterior sacroiliac ligaments were carefully removed, and the LBs of the posterior rami of S1-S3 6 L5/S4 were traced from the posterior sacral foramina to the PSN, as far laterally as the medial border of the long posterior sacroiliac ligament. Next, the long posterior sacroiliac ligament and the superficial lamina of the sacrotuberous ligament were carefully excised, and the branches of the PSN were traced to their termination.
Following exposure of the LBs and the PSN, 26-gauge (0.41 mm) radiopaque wires (Beadalon, Valley Twp., PA, USA) were sutured directly over the LBs from the posterior sacral foramina to the medial border of the long posterior sacroiliac ligament. To prevent movement of the wires, the sutures were anchored to the periosteum of the posterior surface of the sacrum medially, and to the interosseous sacroiliac ligament laterally. Each specimen was photographed.
Next, each specimen was imaged in the anteriorposterior (AP) plane through the superior endplate of S1 using a C-arm (OEC 9900 Elite 12 inch ESP standard, General Electric Healthcare Inc., Little Chalfont, Buckinghamshire, UK). The superior endplate of S1 was squared off such that a single well-defined cortical margin of the superior endplate of S1 was obtained. The fluoroscopic images were obtained with a stainless steel ruler (Epsilon Ruler, Halyard Health, Inc., Alpharetta, GA, USA) centered at the posterior sacral foramen at each level (S1-S3), as determined by fluoroscopic guidance rather than by visualization of the specimen. The stainless steel ruler has a radius of 10 mm and a central spoke length of 10 mm. It was determined that placing the stainless steel ruler directly on the cadaveric specimen did not create a magnification error compared with 10 to 60 mm dorsally, such as could be encountered in clinical practice. The fluoroscopic images were saved as bitmap (BMP) files.
Seven currently used SIJ RFA techniques, three monopolar and four bipolar, were included in the current study. Inclusion criteria were 1) techniques that have not been previously evaluated and 2) techniques that were sufficiently described to enable replication. The three monopolar techniques included in the current study
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were one conventional [20, 21] and two cooled RF [20, 21, 25, 26] . The most commonly used cooled monopolar needle clock face positions (S1 and S2 levels: 2:30, 4:00, and 5:30 on the right, and 9:30, 8:00, and 6:30 on the left; S3 level: 2:30 and 4:00 on the right, and 9:30 and 8:00 on the left) were not evaluated in the current study, as the percentage of LBs that would not be captured at each level (S1-S3) has been previously reported by Stout et al. [45] . Alternative cooled monopolar needle clock face positions used by Patel et al. [25, 26] at the S3 level and by Cohen et al. [20, 21] at the S1-S3/4 levels ( Table 1) were evaluated in the current study. However, it should be noted that Cohen et al. [20, 21] placed cooled RF electrodes 3 to 5 mm from the lateral border of the posterior sacral foramina, whereas the current study evaluated these needle clock face positions at the standard cooled monopolar target needle distance of 8 to 10 mm from the foramina [2, 23, 24, 29, 45] . In studies by Wright et al. [46] and Cohen et al. [47] , it was recommended that cooled RF electrodes be placed !7 mm from the posterior sacral foramina to prevent inadvertent heating of the spinal nerves. Cohen et al.'s [20, 21] needle clock face positions were also evaluated using the conventional monopolar technique. Other cooled and conventional monopolar techniques [2, 12, 19, 22, 23, [28] [29] [30] [31] were not evaluated in the current study because the needle clock face positions were not specified. The four bipolar techniques included in the current study were the periforaminal bipolar leapfrog [32] , palisade [3] , Nimbus Continuum [35, 36] , and PSN lateral crest [15, 16] .
The bipolar technique along the posterior SIJ line [33] could not be evaluated in the current study because the lesion site would be located lateral to the wired LBs. The Simplicity technique [27, [37] [38] [39] [40] [41] , which uses a single RF probe with three independent active electrodes (Simplicity III Probe, NeuroTherm, Inc., Wilmington, MA, USA), was not evaluated in the current study because the lesion may not reliably be sufficiently deep to capture the LBs [40] .
The clinical studies of the seven SIJ RFA techniques included in the current study reported a minimum and maximum lesion size and target needle distance from the lateral border of the posterior sacral foramina. In the current study, the minimum and maximum lesion size and target needle distance were evaluated for each technique and are referred to as versions. In total, 17 versions of the seven SIJ RFA techniques were compared in the current study. Table 2 defines the versions of each technique based on lesion size and target needle distance. The lesion size assumptions made in the current study are based on the findings of bench studies that used ex vivo animal tissues [3, 20, 35, [48] [49] [50] . These are the only lesion size data that are currently available in the literature.
The same AP fluoroscopic image with a stainless steel ruler centered at the second posterior sacral foramen was used to map all 17 versions of seven current SIJ RFA techniques on each specimen using ImageJ software (National Institutes of Health, Bethesda, MD, USA). 
Monopolar Techniques
For the conventional and cooled monopolar techniques, the following methodology was used to map lesions at specific needle clock face positions. To standardize the needle clock face positions among specimens, each hour corresponded to 30 . First, the center of the clock was located at the midpoint of the lateral border of each posterior sacral foramen ( Figure 2A) . Next, to mark the target location for each needle tip, a line was drawn from the center of the clock to measure the distance from the lateral border of each posterior sacral foramen to the needle target and the angle relative to the horizontal that corresponded to the needle clock face position. The length and angle of the line were confirmed with a second measurement using the measurement tool in ImageJ. If the two measurements did not concur, the line was redrawn and the process repeated until consistency was achieved. A circular lesion was drawn centered around the end of each line marking the target location of the needle tip. The minimum and maximum lesion size and target needle distance reported in the literature were mapped for each technique (Table 2 ). It was assumed that the needles would be placed perpendicular to the posterior surface of the sacrum.
Conventional Monopolar Technique
Conventional monopolar lesions were mapped at a target needle distance of 3 and 5 mm from the lateral border of the posterior sacral foramina [20, 21] . The needle clock face positions at the S1 and S2 levels were 1:00, 3:00, and 5:30 on the right, and 6:30, 9:00, and 11:00 on the left [20, 21] . At the S3 6 S4 levels, the needle clock face positions were 1:30 and 4:30 on the right, and 7:30 and 10:30 on the left [20, 21] . A transverse lesion diameter of 3 to 4 mm was assumed based on the findings of a bench study in ex vivo bovine muscle using an 18-gauge conventional RF cannula with a 5-mm active tip at 80 C and a 22-gauge conventional RF cannula with a 4-mm active tip at 80 C and 90 C [49] .
S1-S3/4 Cooled Monopolar Technique
Cooled monopolar lesions were mapped at a target needle distance of 8 and 10 mm from the lateral border of the posterior sacral foramina [2, 23, 24, 29, 45] . The needle clock face positions at the S1 and S2 levels were 1:00, 3:00, and 5:30 on the right, and 6:30, 9:00, and 11:00 on the left [20, 21] . At the S3 6 S4 levels, the needle clock face positions were 1:30 and 4:30 on the right, and 7:30 and 10:30 on the left [20, 21] . A transverse lesion diameter of 8 to 10 mm was assumed based on the findings of bench studies that used ex vivo chicken muscle [20] or bovine liver [48] and an 18-gauge cooled RF electrode with a 4-mm active tip at 60 C for 2.5 minutes.
S3 6 S4 Cooled Monopolar Technique
This technique [25, 26] was only mapped at the S3 6 S4 levels because the percentage of LBs that would not be captured at the S1 and S2 levels (2:30, 4:00, and 5:30 on the right, and 9:30, 8:00, and 6:30 on the left) has been previously reported by Stout et al. [45] . Cooled monopolar lesions were mapped at a target needle distance of 7 mm from the lateral border of the posterior sacral foramina [25, 26] . The needle clock face positions at the S3 6 S4 levels were 1:30 and 3:00 on the right, and 9:00 and 10:30 on the left [25, 26] . The same lesion size assumption (transverse diameter: 8-10 mm) [20, 48] was made for both the S1-S3/4 and S3 6 S4 cooled monopolar techniques.
Bipolar Techniques
For bipolar techniques, the RF current flows from one needle to the other to create a lesion between the needles, compared with a lesion created around a single needle by monopolar techniques [3, 48] . For all four bipolar techniques evaluated, it was assumed that the needles would be placed parallel to each other and perpendicular to the posterior surface of the sacrum [3] . The minimum and maximum lesion sizes reported in the literature were mapped for each technique (Table 2 ). 
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Periforaminal Bipolar Leapfrog Technique
Bipolar lesions were mapped around the lateral half of each posterior sacral foramen from the 12:00 to 6:00 positions at a target needle distance of 5 mm from the lateral border of the foramen [32] . The same methodology described for the monopolar techniques was used, with the center of the clock located at the midpoint of each posterior sacral foramen ( Figure 2B ). Overlapping rounded rectangular lesions [3] were drawn along a line connecting the needle tips. The following lesion size assumptions were made based on the findings of bench studies: 1) a length of 8 to 9 mm, generated in egg white using two 22-gauge conventional RF cannulae with a 5-mm active tip placed 4 to 6 mm apart at 90 C for 190 seconds [50] ; and 2) a width of 3 to 4 mm, generated in ex vivo bovine muscle using the RF cannulae described for the conventional monopolar technique [49] .
Palisade Technique
Bipolar lesions were mapped along a straight line just lateral (approximately 4 mm) to the lateral border of the posterior sacral foramina from superior to S1 to inferior to S3/4 [3] . A lesion length of 15 mm and width of 8 mm was assumed based on the findings of a bench study in ex vivo bovine liver using two 20-gauge conventional RF cannulae with a 10-mm active tip placed 10 mm apart at 90 C for three minutes [3] .
Nimbus Continuum Technique
Bipolar lesions were mapped along a line from the base of the S1 superior articular process to lateral to the third or fourth posterior sacral foramen at a target needle distance of 10 mm from the lateral border of the posterior sacral foramina [35] . A lesion length of 23 to 25 mm and width of 8 to 10 mm were assumed based on the findings of bench studies that used ex vivo chicken muscle and two 17-gauge, two-tined RF cannulae (Nimbus Multi-tined Expandable Electrode, RS Medical, Vancouver, WA, USA) placed 15 mm apart at 90 C for 180 seconds [35] .
PSN Lateral Crest Technique
Bipolar lesions were mapped along the lateral sacral crest from the first to third transverse sacral tubercles [15, 16] . The same lesion size assumptions (length Â width: 23 mm Â 8 mm and 25 mm Â 10 mm) [35] were made for both the Nimbus Continuum and PSN lateral crest techniques.
The lesions that would be created by all 17 versions of the seven current SIJ RFA techniques were mapped on the fluoroscopic images of all 40 SIJs using ImageJ. Forty specimens were included to adjust for anatomical LB variability. In total, 680 images were mapped manually by one researcher (SLR).
Data Analysis
The 680 images of all 17 versions of seven current SIJ RFA techniques mapped on all 40 SIJs were analyzed manually in ImageJ to determine if each LB would be captured or not based on the lesion size assumptions stated above. The distance of each LB from the target needle tip location (monopolar techniques) or midline of the target lesion (bipolar techniques) was quantified using the measurement tool in ImageJ. Each measurement was made twice and then again 2.5 months later by one researcher (SLR) to ensure consistency. An LB was recorded as captured if the entire diameter and !1 mm of the length were covered by a lesion. The location of each LB that would not be captured was recorded at each level (S1-S4).
Data analysis included quantifying, for six SIJ RFA techniques, the 1) percentage of LBs that would be captured if lesions were created; 2) percentage of SIJ specimens in which 100% of LBs would be captured; and 3) percentage of LBs that would not be captured at each level (S1-S4). For the S3 6 S4 cooled monopolar technique [25, 26] , only the percentage of LBs that would not be captured at the S3 6 S4 levels was quantified because the miss rates at S1 and S2 have been previously reported by Stout et al. [45] . The data were summarized with descriptive statistics. Continuous data were assessed for normality using the Shapiro-Wilk test. The distributions of LB capture rates of each of the versions of the SIJ RFA techniques were compared using a Friedman test followed by post hoc testing with a Bonferroni correction. Statistical significance was set at P < 0.05. Statistical analysis was performed using SPSS Statistics version 24.0 (IBM Corp, Armonk, NY, USA).
Results
The mean percentage of LBs that would be captured and the percentage of SIJ specimens in which 100% of LBs would be captured if lesions were created assuming lesion morphology based on bench studies [3, 20, 35, [48] [49] [50] were greater for the bipolar techniques than for the monopolar techniques evaluated in the current study (Table 3 and Figures 3-5) . Clinically, the most important result may be the comparison of the percentage of SIJ specimens in which 100% of LBs would be captured with each technique (Figure 4) . The P values for all of the pairwise comparisons of the distributions of LB capture rates of each of the versions of the SIJ RFA techniques are summarized in Table 4 .
Comparison of Monopolar and Bipolar Techniques
The percentage of LBs that would be captured was statistically significantly greater for each of the bipolar versions than for all four versions of the conventional monopolar technique (P < 0.0005). In addition, each of the bipolar versions (five versions: P < 0.0005; one version: P ¼ 0.015), except for Nimbus Continuum version 1 (P ¼ 0.068), was statistically significantly greater than S1-S3/4 cooled monopolar version 3. Palisade version 1 (P ¼ 0.016), PSN lateral crest versions 1 and 2 (P ¼ 0.016), and periforaminal bipolar version 2 (P ¼ 0.049) were statistically significantly greater than S1-S3/4 cooled monopolar version 4. There were no 1.000 S1-S3/4 cooled monopolar V2
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The percentage of LBs that would not be captured at each level (S1-S4) if lesions were created is summarized in Table 5 . For all bipolar versions, all LBs would be captured at the S2-S4 levels; however, at the S1 level, 1.5% to 29.2% of LBs would not be captured. In contrast, for all conventional monopolar versions, 36.9% to 100% of LBs would not be captured at the S1-S4 levels. For S1-S3/4 cooled monopolar versions 1, 3, and 4, 10.8% to 29.2% of LBs would not be captured at the S1-S3 levels, whereas for version 2, 3.1% of LBs would not be captured at the S1 level and 1.5% at the S3 level.
When comparing the minimum and maximum lesion sizes reported in the literature, the maximum lesion size increased the mean LB and 100% capture rates for most techniques (Table 6 ). The only exceptions were the PSN lateral crest technique and the conventional monopolar technique (target needle distance 5 mm: 100% capture rate).
Comparison of S1-S3/4 Cooled Monopolar and Conventional Monopolar Techniques
The percentage of LBs that would be captured was statistically significantly greater for S1-S3/4 cooled monopolar versions 1 and 2 than for all four versions of the conventional monopolar technique (all P < 0.0005, except for S1-S3/4 cooled monopolar version 1 compared with conventional monopolar version 2: P ¼ 0.004). In addition, S1-S3/4 cooled monopolar version 4 was statistically significantly greater than conventional monopolar version 1 (P < 0.0005), version 3 (P < 0.0005), and version 4 (P ¼ 0.013). Within the S1-S3/4 cooled monopolar technique, version 2 was statistically significantly greater than version 3 (P < 0.0005) and version 4 (P ¼ 0.033). S1-S3/4 cooled monopolar versions 1, 3, and 4 had gaps between the lesions at all levels, whereas version 2 only had a gap at the S3 level ( Figure 5 ). These gaps resulted in a 20.1% decrease in the mean LB capture rate. In contrast, the S3 6 S4 cooled monopolar technique did not have gaps between the lesions ( Figure 5 ).
When the minimum and maximum target needle distances from the lateral border of the posterior sacral foramina reported in the literature were compared, differences in capture rates were found ( Table 7) . The mean LB and 100% capture rates were greater at a target needle distance of 8 mm (versions 1 and 2) than 10 mm (versions 3 and 4) for the S1-S3/4 cooled monopolar technique. For the conventional monopolar technique, the mean LB capture rate was greater at a target needle distance of 5 mm (versions 3 and 4), whereas the 100% capture rate was greater at 3 mm (versions 1 and 2) for each lesion size.
Discussion
This is the first cadaveric fluoroscopy study to compare LB capture rates among 17 versions of seven current SIJ RFA techniques in the same specimens. The results suggest that if lesions were created assuming lesion morphology based on bench studies [3, 20, 35, [48] [49] [50] , the bipolar techniques may capture a greater mean percentage of LBs than the current monopolar techniques evaluated. This study provides an anatomical basis to optimize SIJ RFA techniques, which would be anticipated to improve clinical outcomes.
The findings of the current study suggest that the RFA needle placement locations of the current monopolar techniques evaluated may not be capable of capturing all LBs, and thus, could be a contributing factor to the less than optimal clinical outcomes. This is evidenced by mean LB capture rates ranging from 49.6% to 64.6% for the conventional monopolar technique and 79.0% to 89.5% for three of the four versions of the S1-S3/4 cooled monopolar technique [20, 21] . The sparing of LBs at each level (S1-S3/4) may be attributed to the relatively small lesion size of the conventional monopolar technique and the presence of gaps between the lesions of the S1-S3/4 cooled monopolar technique. The gaps were found to result in a 20.1% decrease in the mean LB capture rate among the four versions of the S1-S3/4 cooled monopolar technique. These findings demonstrate the importance of creating a continuous strip of overlapping lesions regardless of the technique to account for anatomical variations and optimize LB capture rates. In a recent cadaveric fluoroscopy study, Stout et al. [45] proposed new cooled monopolar RFA target needle placement locations that improved the miss rate to 2.8% at S1, 0.99% at S2, and 0% at 
S3
, and would capture all LBs in 95% of 40 SIJ specimens.
The RFA needle placement locations of the bipolar techniques evaluated in the current study may be capable of capturing all LBs, as evidenced by mean LB capture rates ranging from 93.4% to 99.7%. The linear strip lesion techniques were found to achieve a similar mean LB capture rate to the periforaminal bipolar leapfrog technique, but they do not require precise definition of the borders of the posterior sacral foramina [15] and produce larger lesions [3, 35, 50] . Using the Nimbus Continuum technique, a target needle distance of 10 mm from the lateral border of the posterior sacral foramina was found to decrease the mean LB capture rate compared with the more medially located palisade and PSN lateral crest techniques, as it would consistently spare LBs at the S1 level. The palisade and PSN lateral crest techniques were found to be the most effective at capturing LBs. For the palisade technique, needles are placed closer to the lateral border of the posterior sacral foramina, which increases the risk of inadvertent heating of the sacral spinal nerves [47] , particularly due to difficulty in identifying the posterior sacral foramina using fluoroscopy [2, 3] . The PSN lateral crest technique uses ultrasound guidance, rather than fluoroscopy, which eliminates exposure to radiation [16, 51, 52] . Thus, this technique could be performed in an office setting, increasing access and reducing cost [16, 51, 52] .
Mean LB capture rates of 93.4% to 99.7% do not explain why "about 50% of patients reported 50% relief three months after treatment" [1] . These findings suggest that there are other factors that may explain the clinical outcomes. More common reasons that can lead to poor SIJ RFA outcomes include misdiagnosis (i.e., false-positive diagnostic blocks) and poor patient selection (i.e., confounding factors such as high disease burden, high-dose opioid therapy, and psychopathology) [21, 47] . In a study evaluating factors that affect SIJ RFA outcomes, Cohen et al. [21] found that a long duration of pain, higher preprocedure pain scores, regular opioid use, and age !65 years were associated with unsuccessful outcomes.
The LBs are the targets of SIJ RFA, and therefore should also be the targets of the diagnostic blocks used to select patients for this treatment. However, most SIJ RFA studies used intra-articular injections (Table 1) , which have not been validated as a diagnostic test to select patients for SIJ RFA [1, 18] . There is no evidence that the intra-articular part of the SIJ is innervated by the LBs. Some SIJ RFA studies used FL single-site, single-depth sacral LB blocks (Table 1) , which have been shown to lack face validity, as they do not consistently capture all LBs [1, 17, 18] . In addition, the majority of SIJ RFA studies used a single diagnostic block, rather than two comparative blocks, and required !50% pain relief to select patients for treatment (Table 1 ). This may increase the false-positive rate, and therefore decrease the success rate of SIJ RFA [53] [54] [55] [56] . Future studies using valid diagnostic blocks and consistent, rigorous patient selection criteria are required to evaluate the effects of these factors on clinical outcomes.
The limitations of the current study include mapping all 17 versions of seven current SIJ RFA techniques on AP fluoroscopic images through the superior endplate of S1 [12, 18] . However, in the literature, this fluoroscopic view was only described for two of the seven SIJ RFA techniques: the cooled monopolar technique described by Patel et al. [25, 26] and the Nimbus Continuum technique [35] .
In addition, the lesion size assumptions made in the current study are based on the findings of bench studies that used ex vivo animal tissues [3, 20, 35, [48] [49] [50] . These are the only lesion size data that are currently available in the literature. However, the lesion sizes generated in vivo in humans by SIJ RFA may differ from those generated in homogenous ex vivo animal tissues. Technical factors and the tissue environment present during SIJ RFA, including the undulating posterior surface of the sacrum [15, 17, 18] and differences in the tissue and electrothermal properties of the various structures of the SIJ region, which can be altered by the injection of local anesthetics pre-RFA, may affect lesion morphology in clinical practice [3, [48] [49] [50] [57] [58] [59] [60] [61] [62] [63] . If the lesion size assumptions made in the current study are not valid, then the results of the current study would be different. Further research is required to compare the lesion morphology generated in vivo in humans by various SIJ RFA techniques.
Conclusions
The 
